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We have conducted an experimental study of the linear
transport properties of the magnetic-field induced insulating
phase which terminates the quantum Hall (QH) series in two
dimensional electron systems. We found that a direct and
simple relation exists between measurements of the longitudi-
nal resistivity, ρxx, in this insulating phase and in the neigh-
boring QH phase. In addition, we find that the Hall resistiv-
ity, ρxy, can be quantized in the insulating phase. Our results
indicate that a close relation exists between the conduction
mechanism in the insulator and in the QH liquid.
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Quite generally, for two dimensional electron systems
(2DES’s), the quantum Hall effect (QHE) terminates, at
high enough magnetic field (B) with a transition to an
insulating phase [1–9]. This is true for low mobility (µ)
samples that exhibit only the integer quantum Hall effect
(IQHE), for higher mobility samples where the fractional
quantum Hall effect (FQHE) is resolved and the transi-
tion to the insulator takes place from the ν = 1/3 FQHE
liquid state (ν is the Landau level filling fraction), and
for ultra-high quality samples showing a well-resolved
ν = 1/5 FQHE state and the much-discussed reentrant
insulating phase [4]. In the latter, state of the art sam-
ples, characterizing and understanding the properties of
the insulating phase were at the center of an intense ef-
fort due to the possibility that underlying this insulating
phase is the elusive B–field–induced Wigner solid (WS),
expected at low ν for these nearly ideal samples. Indeed,
most of the experimental results pertinent to this insula-
tor are consistent with a WS description [10].
For lower mobility samples, the transition to the insu-
lator occurs at higher ν (usually > 1/4) and the forma-
tion of a WS in not expected. Instead, a novel type of
insulator has been suggested by Kivelson, Lee and Zhang
[11] (KLZ). This insulator, named the “Hall” insulator,
is argued to have a Hall resistance whose value is close
to the classical value, ρxy ≈ B/ne, while its diagonal re-
sistivity, ρxx, diverges as T → 0 [12,13]. In contrast to
the WS case, a realistic description of this suggested new
high–B phase is not yet available.
In this letter we present the results of an experimental
study of the B induced insulator for intermediate and
low mobility samples. The QHE liquid to insulator tran-
sition in such samples, which are characterized by a sin-
gle, well-defined, transition to the insulating phase, have
been recently studied by Shahar et al [8]. The main pur-
pose of this letter is to report the observation of a new
type of symmetry that relates this insulating phase to
the adjacent QH liquid phase. When expressed in terms
of ρxx, this symmetry takes a particularly simple form:
ρxx(νqhe) = 1/ρxx(νins) (1)
where, as will be discussed below, νins can be simply
obtained from νqhe by knowing the critical filling factor,
νc. Eq. 1 holds both for transitions from the ν = 1
IQHE state and, remarkably, also for transitions from
the ν = 1/3 FQHE liquid states. In both cases, the
symmetry is observed over a rather wide range of ν,
and ρxx(νqhe) can be more than a 100 times smaller
than ρxx(νins). In addition, this symmetry also holds
throughout the T range of our study, and for the non-
linear current dependent regime of transport [14]. On
a phenomenological level, this comprehensive symmetry
indicates the existence of a direct and simple relation
between the conduction mechanism in the QHE liquid
phases and that of the insulator.
The results presented in this work were obtained
from three samples that, despite being all MBE grown
GaAs/AlGaAs heterostructures, differ greatly in their
parameters. The first two, C70GB and MM051C, are
low mobility samples (18000 and 11000 cm2/Vsec respec-
tively, at ∼ 1K) with very different electron densities of
0.29 and 2.27 · 1011 cm−2, respectively. In both samples,
the disorder level is so high that the FQHE can not be
resolved, and the IQHE series terminates with a direct
transition from the ν = 1 IQHE state to an insulating
phase [8]. Due to their large density difference, the tran-
sitions in these samples occur at very different B values:
B = 1.8 T for sample C70GB and B = 14.92 T for sam-
ple MM051C. The νc values are, however, much closer,
νc = 0.64 and 0.61, respectively.
The third sample, M124U2F, has a much higher µ of
5 · 105 cm2/Vsec at a density of 0.6 · 1011 cm−2. Con-
sequently, its low T transport properties are distinctly
different from that of the other two samples, and include
a set of FQHE states such as the ν = 1/3, 2/5, 2/3, 4/3
etc. In this sample, the transition to the insulator occurs
directly from the ν = 1/3 FQHE liquid state, at B = 8.40
T. We emphasize that the symmetry discussed in this let-
ter transcends the large differences in the characteristics
of the samples in this study.
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FIG. 1. (a) ρxx, normalized to the value of ρxx at νc,
ρxxc = 23 kΩ, and 1/ρxx, calculated from the normalized
ρxx trace, as a function of ∆ν = ν − νc. (b) A replot of the
data in (a), but with the 1/ρxx trace plotted against the top,
(−∆ν) axis. Also included are ρxx and 1/ρxx traces at higher
T .
Our main result is presented in Fig 1, where we plot
data obtained from sample C70GB. In Fig. 1a, two traces
are plotted. The first (solid curve) is a ρxx trace ob-
tained at T = 48 mK, which is plotted, rather than ver-
sus the usual B axis, using ∆ν = ν − νc as the abscissa
2
of the graph. The ρxx trace is normalized to its value
at νc, which for this sample is 23 kΩ. The second trace
in Fig. 1a is a trace of 1/ρxx (dashed line), calculated
from the normalized ρxx trace. At the transition point,
ρxx = 1/ρxx = 1. In the IQHE liquid regime, ρxx tends
towards zero, and consequently 1/ρxx attains large val-
ues. In the insulator the opposite trend occurs, with ρxx
diverging and 1/ρxx → 0. Plotted in this manner, the
two traces appear to be reflection–symmetric about the
transition point, ∆ν = 0. This symmetry can be even
more clearly seen in Fig. 1b, where we plot the 1/ρxx
trace against a reversed, (−∆ν), top axis. The overlap
between the ρxx and the (reversed) 1/ρxx traces is rather
good, and extends to the maximum range of our data,
∼ 16 times the transition value, or ≈ 365 kΩ. The extent
of this symmetry is even more impressive if we remem-
ber that we are comparing ρxx(∆ν) with 1/ρxx(−∆ν),
where ρxx(−∆ν), taken in the ν = 1 IQHE state is, e.g.,
1.45 kΩ while ρxx(∆ν) in the insulating phase is 365 kΩ,
a ratio of more than 250 in ρxx. In Fig. 1b we also in-
clude ρxx and 1/ρxx traces taken at T = 112 mK. Similar
symmetry is observed for these traces as well, indicating
that the symmetry between the QHE and the insulator is
broader in scope, and is not limited to ρxx at a given T ,
but also exists in the T dependence of ρxx. Due to lack of
space, we defer a report of a more complete study of the
T dependence of the symmetry to a future publication.
The ρxx → 1/ρxx symmetry, which extends over a sur-
prisingly wide range of ν > 0.2, has an interesting exper-
imental consequence. Based only on a measurement of
ρxx in, say, the ν = 1 IQHE phase it is possible to pre-
dict, to within experimental accuracy, the value of ρxx at
a corresponding point in the insulating regime. The cor-
responding point is determined, for the ν = 1 IQHE to
insulator transition, simply by ∆ν → −∆ν, or “particle–
hole” symmetric points.
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FIG. 2. B traces of ρxx (dashed curves) and ρxy (solid
curves) at two temperatures. The arrow indicates the transi-
tion B (=14.92 T) as determined from the crossing point of
the ρxx traces.
Having shown that a relation exists between the di-
agonal resistivity in the IQHE and the insulator, it is
natural to ask if a similar mapping can be made with
the off–diagonal, Hall component of the resistivity ten-
sor, ρxy. This necessitates a careful measurement of ρxy
beyond the transition, into the insulating phase. This is
a notoriously difficult measurement due to the mixing–
in of a ρxx component in the ρxy signal, resulting from
Hall contacts misalignment and from current path non–
uniformities [15,16]. While the ρxx component can, in
principle, be removed by averaging over two B field ori-
entations, in practice the capability to do so is usually
limited, at low T , by inhomogeneity of the current paths.
Consequently, we could not obtain reliable ρxy data in
the insulating regime for any of our samples at the lower
end of our T range (T < 100 mK). At higher T , and
for sample MM051C, which is of very high density and
therefore tends to be less prone to inhomogeneities, we
were able to follow the evolution of ρxy into the insulat-
ing phase. In Fig. 2 we present B traces of ρxy (solid
lines) near the critical B, Bc = 14.92 T (arrow in Fig
2). Bc is determined by the crossing point of the ρxx
traces (dashed lines) taken at different T ’s. For this sam-
ple, only minor (< 0.5%) variations in Bc exist between
measurements using different contact configurations, at-
testing to an exceptionally high degree of homogeneity.
The main observation that can be made from these ρxy
traces is that at T = 323 mK, ρxy remains constant and
quantized, ρxy = h/e
2, for a finite B range into the in-
sulating phase. On the other hand, at 62 mK, the mea-
sured ρxy begins to deviate from its quantized value at
B < Bc. At present, we are unable to determine whether
this deviation arises from the intrinsic behavior of ρxy, or
from an extrinsic source, such as the rapidly–increasing
ρxx contribution to the measured ρxy, or a development
of current non-uniformities at lower T . Further studies
are required to establish the range of B and T where
ρxy remains quantized in the insulator, and to determine
whether its asymptotic behavior is that of a “Hall” in-
sulator, as predicted by KLZ. Interestingly, a constant
ρxy is a consequence of the ‘semi–circle’ conductivity law
recently suggested theoretically by Ruzin and his collab-
orators [17].
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FIG. 3. (a) Normalized ρxx vs. ∆ν = ν − νc and 1/ρxx vs.
−∆ν for the ν = 1/3 to insulator transition. For this sample,
ρxxc = 21 kΩ. (b) Same data as in (a), plotted using the
filling factor of composite fermions, ν′ (see text). Note the
improved ρxx = 1/ρxx symmetry.
It is now rather well–accepted that strong similarities
exist between transitions in the IQHE and FQHE regimes
[8,18,19]. It is therefore interesting to look for the sym-
metry near transitions from FQHE states to the insula-
tor. In Fig. 3a we plot two ρxx traces (solid curves) vs.
∆ν, obtained near the ν = 1/3 to insulator transition,
at T = 24 and 99 mK. Similarly to Fig. 1, we also plot
1/ρxx traces (dashed curves) vs. a reversed ∆ν axis. Al-
though very close to the transition point we again obtain
the ρxx = 1/ρxx symmetry, the range in terms of ρxx
appears to be much more limited. We now recall that,
in the KLZ description of the transitions in the FQHE
regime, the electronic system is mapped, using a Chern–
Simons transformation, onto a superconductor–insulator
transitions of an equivalent composite boson (CB) sys-
tem [20]. A similar transformation was used by Jain [21]
to map the ν = 1/3 FQHE state onto a ν = 1 IQHE state
of composite fermions (CF’s). We will next show that,
by mapping our ν = 1/3 to insulator transition onto a
ν = 1 to insulator transition of CF, the ρxx = 1/ρxx
symmetry greatly improves, and the corresponding ν’s
are again related by particle–hole symmetry. Alterna-
tively, it is possible to use the CB’s mapping, and the
corresponding ν’s are then related by duality–symmetry
of the CB’s [22].
Using the CF mapping, we replot in Fig. 3b the same
data as in Fig. 3a, only with the fillings of CF, ν′ = ν
1−2ν
,
as the abscissa. A much–improved symmetry is obtained
at both T ’s, extending to ∼ 6 times the transition value
at 24 mK and ∼ 4 times at 99 mK, before appreciable
systematic deviations are observed. In view of the data
in Fig. 3, it is reasonable to assume that for the ν =
1/3 to insulator transition, the symmetry is that of the
underlying composite particles, rather than that of the
electrons.
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FIG. 4. Normalized ρxx vs. ∆ν
′ and 1/ρxx vs. −∆ν
′, as
in Fig. 3b, but for two currents, at T = 24 mK.
Although we can not give a definite answer to the ques-
tion of the range of validity of the ρxx → 1/ρxx symme-
try, an illuminating experimental point can be made by
considering the current dependence of the ρxx traces. In
Fig. 4, we again plot ρxx and 1/ρxx traces, similar to
those in Fig. 3, taken at T = 24 mK, but measured
at two different currents. Clearly, the systematic devia-
tion of the ρxx traces (solid lines) from the 1/ρxx traces
(dashed lines) is much larger, and starts closer to ν′c, for
the 100 pA trace. On the other hand, the 1/ρxx traces
at both currents appear to overlap (for the 1/ρxx > 1
range), indicating that the ρxx in the FQHE regime is
independent of current in the range shown. It therefore
appears that by lowering the measuring current the range
of applicability of the symmetry is significantly increased,
even at these very low currents. A natural conclusion
would be that the symmetry holds only in the strictly
ohmic regime of transport. We wish to emphasize here,
that this is not the case, and that the symmetry is main-
tained much beyond the ohmic regime. However, since
for higher currents outside the ohmic regime, ρxx is ill–
defined, a generalized symmetry should be invoked. This
can be done by considering the ρxx → 1/ρxx symmetry as
a symmetry under the exchange of the current and volt-
age coordinates. In a separate publication, we demon-
strate that this generalized symmetry indeed holds for a
broad range of currents and voltages [14].
From the discussion in the previous paragraph, we con-
clude that it is essential for a quantitative comparison of
ρxx on both sides of the transition that the measurement
current will be kept to a minimum to prevent non–ohmic
effects which, for a constant–current measurement, arise
predominantly in the insulator. With the exception of
Fig. 4, we use an AC current of 10−11 A and monitor
the voltage by a lock–in phase sensitive technique. We
also use very slow B sweep rates (> 15 min/T) to main-
tain T stability at dilution temperatures ≥ 20 mK. We
found that using these slow sweep rates, our Oxford 200
TLM refrigerator maintained T stability of better than
4
2% throughout our T range.
The results presented in this letter pose a rather strict
constraint on any theoretical model aiming at describ-
ing the QHE to insulator transitions. We wish to out-
line here some of the features required from such a
model. First, the model has to be particle–hole symmet-
ric (∆ν ↔ −∆ν), as is evident from the ν values of the
corresponding states in the insulator and the QHE states.
For the ν = 1/3 to insulator transition, the symmetry
should be that of the composite particles. Second, the
model has to allow for the symmetry under ρxx → 1/ρxx
exchange, i.e. an exchange of the measured currents and
voltages. This symmetry can be conveniently described
as symmetry under duality transformation, and is further
discussed in a separate paper [23].
While our experiment does not directly identify the
mechanism for ohmic transport in the Hall insulator, it
does show that this mechanism is very closely related
to that governing the conduction process in the IQHE
and FQHE regimes, over a surprisingly wide range of
ν. It would be interesting to look for a similar sym-
metry near other transitions, such as the QHE plateau
to plateau transitions, transitions to an insulating phase
in double–layer QHE systems, and perhaps even the
superconductor–insulator transitions in thin metal films
and in Josephson junction arrays.
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